Objective: Older adults are increasingly likely to have two or more chronic medical conditions (multimorbidity) and are consequently at greater risk of disability. Here we examine the role of inflammation in mediating the relationship between multimorbidity and disability. Method: Data are from the Survey of Mid-Life in the United States (MIDUS), a national sample of middle-aged and older adults. Structural equation models were used to assess direct relationships between multimorbidity and activities of daily living as well as indirect associations with a latent variable for inflammation (indicated by circulating levels of interleukin-6, C-reactive protein, and fibrinogen) as a mediator. Results: After adjustment for potential confounds, multimorbidity was positively associated with inflammation (p < .001) and functional limitations (p < .001), and inflammation partially mediated the link
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Higher circulating levels of inflammatory proteins, such as interleukin-6 (IL-6), C-reactive protein (CRP), and fibrinogen, are linked to both multimorbidity and functional limitations. Conditions that are included in the current multimorbidity index, such as heart disease, diabetes, and hypertension, and obesity are individually linked to higher levels of IL-6, CRP, and fibrinogen (Bastard et al., 2006; Bautista, Vera, Arenas, & Gamarra, 2005; Blake & Ridker, 2003; Hu, Meigs, Li, Rifai, & Manson, 2004; Naugler & Karin, 2008) . In earlier work with data from the Survey of Mid-Life in the United States (MIDUS), we found that aggregate number of chronic conditions was linearly associated with circulating levels of IL-6 and CRP (Friedman & Ryff, 2012) . Systemic inflammation also predicts functional impairment both cross-sectionally (Cohen, Pieper, Harris, Rao, & Currie, 1997; Kuo, Bean, Yen, & Leveille, 2006) and prospectively (Ferrucci et al., 1999) . Inflammatory proteins, including IL-6 and CRP, have been linked to sarcopenia in older adults (Peake, Della Gatta, & CameronSmith, 2010) , and this loss of muscle strength is thought to underlie in part the greater functional limitations in older adults with higher levels of inflammation (Cesari et al., 2004; Ferrucci et al., 2002; Kuo et al., 2006) . Thus, while inflammation has been implicated in the onset of many chronic conditions (Howcroft et al., 2013) , these findings support the plausibility of an explanatory chain that begins with the development of multiple conditions (multimorbidity) leading to greater inflammatory activity and in turn leading to functional impairment. The current study represents a test of this novel hypothesis.
We test our hypotheses using a structural equation model (SEM) that treats inflammation as a latent factor for which IL-6, CRP, and fibrinogen are indicators. Inflammation has been modeled as a latent variable in earlier studies of links between inflammation and both metabolic syndrome (Marsland, McCaffery, Muldoon, & Manuck, 2010) and allostatic load (McCaffery, Marsland, Strohacker, Muldoon, & Manuck, 2012) . There are two rationales for this approach, one methodological and the other conceptual. First, each of these proteins is measured with error, and this error contributes to inaccurate estimates of their relationships to key variables. A latent factor, in contrast, provides estimates that are without measurement error (because such error is modeled and controlled via a measurement model), and thus the estimates of key associations have greater precision. Second, although IL-6, CRP, and fibrinogen are unique proteins with discrete biological roles, they (and many others, including IL-1, tumor necrosis factor, and interferon-gamma) are often treated as indicators of a singular general process-systemic inflammation-that is hypothesized to be related to diverse health outcomes. A latent factor for inflammation captures the relatedness of these different proteins and then assesses the extent to which that shared component predicts and is predicted by key variables. In short, a latent factor for inflammation is better aligned with conceptual thinking about inflammation than is the use of individual proteins as separate predictors or mediators.
Finally, these analyses adjusted for a number of covariates that represent potential confounds or behavioral mechanisms. Increasing age, female sex, non-White racial status, low socioeconomic status, and unhealthy behaviors are all associated with higher rates of multimorbidity, higher levels of inflammatory markers, and greater likelihood of functional impairment (Adler et al., 1994; Ershler & Keller, 2000; Ferrucci et al., 2005; Gruenewald, Cohen, Matthews, Tracy, & Seeman, 2009; Lakoski et al., 2006; Marengoni et al., 2011; Murtagh & Hubert, 2004; Schoeni, Martin, Andreski, & Freedman, 2005; Ward & Schiller, 2013) . To avoid potential confounding, continuous (age) or categorical (sex, race, education) variables were included in all models. We also adjust for two health behaviors, smoking and regular exercise. Epidemiological studies have shown that adults who smoke are at increased risk of disability whereas those who exercise regularly have a reduced risk (d 'Orsi et al., 2014; Hardy, McGurl, Studenski, & Degenholtz, 2010; Wolinsky et al., 2011) . Moreover, smoking is predictive of higher circulating levels of inflammatory proteins whereas physical activity is linked to lower levels (Colbert et al., 2004; Jousilahti, Salomaa, Rasi, Vahtera, & Palosuo, 2003; Krabbe, Pedersen, & Bruunsgaard, 2004) . Although a full examination of mediation by these variables is beyond the scope of this study, adjusting for them can illuminate their potential involvement in the pathway linking multimorbidity to disability by way of inflammation.
Method
Data for the current study are from the Survey of Midlife Development in the United States (MIDUS), a national study of the physical and mental health of middle-aged and older adults. MIDUS comprises a national probability sample of non-institutionalized English-speaking adults (N = 3,487) living in the co-terminus United States and recruited by random digit dialing (RDD). The second wave of MIDUS data collection (MIDUS 2) was completed in 2004 to 2006, and all respondents completed telephone interviews and selfadministered questionnaires. The majority (87.8%) of African American respondents came from a city-specific sample from Milwaukee, Wisconsin.
A sub-sample of MIDUS 2 respondents (N = 1,255) participated in a detailed clinic-based assessment of health, disease-related biomarkers, and physiologic function ("biomarker sample"). Participation in the biomarker sample was open to all MIDUS 2 respondents who had completed interview and questionnaire components of MIDUS and were willing to travel to a General Clinical Research Center (GCRC) for an overnight stay. This biomarker sample was not significantly different from the main MIDUS sample on most variables, although they were significantly more educated than the main sample (Love, Seeman, Weinstein, & Ryff, 2010) .
Upon arrival at the GCRC, each respondent provided a detailed medical history interview with a GCRC clinician. Participants were asked to bring all current medications to the GCRC, and these were inventoried by project staff. Fasting blood samples were obtained the next morning between 08:00 a.m. and 10:00 a.m. Serum was isolated from all samples, aliquoted, frozen at −80°C, and stored for assay.
Collection of data for MIDUS 2 and analysis of those data for the current study were approved by the Institutional Review Boards at the University of Wisconsin-Madison and Purdue University.
Multimorbidity
A variable comprising 13 chronic conditions was used in the analyses. Information on nine of these conditions came from participant responses to self-administered questionnaire items. Participants were asked to indicate whether they had experienced or received treatment for any of the following conditions in the prior 12 months: asthma, bronchitis, or emphysema; arthritis or other joint conditions; HIV or AIDS; high blood pressure; diabetes; tuberculosis; neurological disorders; stroke; and/or ulcer. Presence of heart problems and cancer were determined from single items in the telephone interview. Participants were asked whether they had had heart trouble suspected or confirmed by a doctor and whether they had ever had cancer. Obesity was determined from participant measurement of height and weight; body mass index (BMI) was calculated from these data, and a dichotomous variable indicating obesity (BMI ≥ 30) was created. Finally, current use of cholesterol medication was used as a marker for high cholesterol. All "yes" responses were summed into a chronic conditions index with possible scores ranging from 0 to 13. A dichotomous variable was then created indicating multimorbidity (0 = 0-1 conditions; 1 = two or more conditions).
Functional Limitations
Questionnaire items assessed basic and intermediate activities of daily living (BADL and IADL). Respondents were asked how much health limited their ability to do a number of activities. BADL scores were determined from three items: bathing or dressing yourself, climbing one flight of stairs, and walking one block. IADL scores were determined from seven items: lifting or carrying groceries; climbing several flights of stairs; bending, kneeling, or stooping; walking more than a mile; walking several blocks; vigorous activities (e.g., running, lifting heavy objects); and moderate activities (e.g., bowling, vacuuming). Response options ranged from 1 = not at all to 4 = a lot. Individual participants' responses to both sets of questions were averaged for analyses. Possible scores on both scales ranged 1 to 4 with higher scores indicating greater impairment. Both were treated as continuous variables in analyses.
Inflammatory Proteins
Serum IL-6 from fasting samples was measured using high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minnesota). CRP and fibrinogen were measured using particle enhanced immunonephelometric assay (BNII nephelometer, Dade Behring, Inc., Deerfield, IL). The laboratory intra-and inter-assay coefficients of variance for all proteins were in acceptable ranges (<10%). CRP values in excess of 10 mg/L are thought to indicate acute infectious illness (Pearson et al., 2003) ; we identified and excluded 30 cases with values over this threshold. Due to cases where blood samples were missing or where volume was inadequate for assays, IL-6, CRP, and Fibrinogen data were available for 1,164, 1,156, and 1,156 participants, respectively. As is typically seen, distributions for both IL-6 and CRP were positive skewed, and data were ln-transformed for statistical analyses. Fibrinogen was scaled by a factor of 100 to make values comparable with the other measures (this was necessary for model estimation).
Covariates
A continuous variable was used for age, and dichotomous variables were used for sex (1 = male) and race (1 = non-White). Respondents were asked to indicate their highest level of educational attainment using 12 categories ranging from "no school/some grade school" to "PhD, MD, JD, or other professional degree." Responses were then aggregated into three categories: high school degree or General Educational Development (GED), some college, and college degree or more; dummy-coded variables were included in all models, with high school degree or GED as the reference category. A categorical variable was used for smoking status (1 = never smoked; 2 = ex-smoker; 3 = current smoker). Respondents were also asked whether they engaged in exercise or physical activity for 20 min or more at least three times a week (1 = yes).
Statistical Analyses
Multivariate models were evaluated using a structural equation modeling framework and Mplus v.7.11 statistical software. The MIDUS sample includes twins and siblings, so a between cluster variance estimator (Binder, 1983 ) was used to correct for the nesting of individuals within families. Direct maximum likelihood for missing data (aka, FIML) was used to deal with item missing data (Arbuckle, 1996) . This method requires less restrictive assumptions about the pattern of missingness than standard case deletion methods and improves power by retaining larger sample sizes. The product of coefficients method is used to obtain mediation effect estimates (MacKinnon, Fairchild, & Fritz, 2007) . This method takes the product of the effect of the independent variable on the mediator variable and the effect of the mediator on the outcome. Total effects are estimated as the indirect plus direct effects. An exact standard error estimate for the indirect and total effects is obtained using the delta method (Oehlert, 1992) .
A confirmatory factor model was fit to the three inflammation indicators: IL-6, CRP, and fibrinogen. The latent inflammation variable provided a measure of inflammation as indicated by all three observed inflammation markers. Sex was included as a predictor of the latent variable for the sole purpose of obtaining enough degrees of freedom (an over-identified model) to estimate model fit statistics for the latent inflammation marker. As sex is highly correlated with the latent inflammation variable, this is an ideal variable to use for this purpose. See Figure 1 for a depiction of the latent variable model with standardized coefficient estimates.
A multivariate mediation model was estimated that included the latent inflammation variable as a mediator between independent variables, including multimorbidities and covariates, and the outcome measures (BADLs and IADLs). BADL and IADL residual errors were allowed to correlate. All independent variables affected the BADL and IADL outcomes both directly and through the inflammation latent variable. See Figure 2 for a depiction of the full mediation model. The inflammation latent variable was tested for measurement invariance (invariance in factor loading estimates) across biological sex using multiple group analysis and the Wald statistic.
Results
Descriptive statistics for the sample are shown in Table 1 .
The confirmatory factor model is shown in Figure 1 . Model fit was good: χ 2 (3) = 16.2, p < .01; confirmatory factor analysis (CFI) = 0.977; TuckerLewis index (TLI) = 0.954; root mean square error of approximation (RMSEA) = 0.06 (95% confidence interval [CI] = [0.03, 0.09]). All factor loadings were statistically significant, and while women had higher levels of inflammation overall than men, the factor loadings for each of the inflammatory proteins on the latent inflammation variable did not differ across sexes, Wald χ 2 (4)= 1.192, p = .88. Standardized factor loading estimates were similar in size: 0.62, 0.75, and 0.63 for ln(IL-6), ln(CRP), and Fibrinogen/100, respectively. Unstandardized and standardized model coefficients for direct effects are shown in Table 2 . Older age, being female, being non-White, and smoking were all associated with higher levels of inflammation, whereas regular physical activity was associated with lower levels. Having two or more chronic conditions relative to fewer than two conditions increased the inflammation factor by 0.22 units (p < .001); this is equivalent to 0.23 standard deviation units. Older age, being female, being non-White, smoking, and having less than a high school education relative to a college education were associated with higher IADL scores whereas regular physical activity was linked to lower scores. Fewer covariates were related to higher BADLs; these included being female, having lower educational attainment, and not engaging in regular physical activity. Compared with having none or one chronic condition, multimorbidity was associated with greater IADLs (β std = .32; p < .001) and BADLs (β std = .25; p < .001). The latent inflammation factor was significantly associated with both BADLs and IADLs (β std = .12; p < .001 for IADLs and β std = .13; p < .001 for BADLs).
Unstandardized and standardized model coefficients for indirect effects are shown in Table 3 . There were small but statistically significant indirect pathways linking age, sex, race, regular physical activity, and chronic conditions to both BADLs and IADLs by way of the latent inflammation factor. The largest indirect pathway coefficients were for multimorbidity. These indicate a 0.03 standard deviation increase in BADLs and IADLs for a one standard deviation unit increase in inflammation (p < .01). The total (standardized) effect of multimorbidity on functional limitations both directly 
Supplemental Analyses
We conducted three sets of additional analyses to aid interpretation of the results. First, we examined a mediation model with each inflammatory protein treated as a measured variable rather than indicators of a single latent factor. The path model fit was excellent: χ 2 (7) = 0; p = 1.0; CFI = 1.00; TLI = 1.02; RMSEA = 0.00 (95% CI = [0.00, 0.00]). The perfect fit of the model indicates possible over-fitting. The results showed that CRP mediated the association of multimorbidity and BADLs. The total indirect effect of all three protein mediators taken together was statistically significant and the magnitude of the total indirect effect was slightly smaller than the original SEM model (data not shown). For IADLs, the individual IL-6 and CRP mediation pathways were statistically significant, and the magnitude of the total indirect effect was slightly smaller than the original SEM model (data not shown). Second, we tested the possibility that the observed direct and indirect effects associated with multimorbidity might be attributable to particularly adverse single conditions rather than aggregate multimorbidity. To do this, we created 13 new multimorbidity index variables, each omitting one of the conditions, and then re-estimated the SEM model using each of these new variables. A recent article took this approach to assessing the impact of inflammation and changes in inflammation on multimorbidity (Fabbri et al., 2014) . The results showed that omitting obesity weakened the association between multimorbidity and inflammation (b = 0.22 for full model and b = 0.13 without obesity). Direct associations between the new multimorbidity variables and both measures of functional limitations were largely no different than those for the full multimorbidity variable (data not shown). However, removing joint pain reduced the direct effect of multimorbidities on IADLs from 0.56 to 0.44. Finally, the coefficients for the indirect pathways linking multimorbidity to functional limitations by way of inflammation from models using these new variables did not differ from the model based on the complete set of conditions (data not shown). Third, given regional differences between the Milwaukee sample and the rest of the MIDUS sample, we repeated the SEM model with Milwaukee participants excluded. The fit of the overall SEM model was slightly better than for the full sample: χ 2 (21) = 80.0, p < .000, CFI = 0.966; TLI = 0.934; RMSEA = 0.05 (95% CI = [0.04, 0.07]). With the exception of race, the direct and indirect effects were virtually identical to those from the model including the full sample (data not shown).
Discussion
The current study examined the extent to which three inflammatory proteins-IL-6, CRP, and fibrinogen-mediate the link between multimorbidity, on one hand, and functional limitations, on the other. The results indicated partial mediation, suggesting that higher levels of these markers of inflammation in the context of multimorbidity predict greater functional limitation. All analyses adjusted for a set of covariates-age, sex, race, and educational background-that represent potential confounds, and the observed mediation effects persisted in these fully adjusted models. We also controlled for two health behaviors-smoking and physical activity-that have been linked both to inflammation and functional impairments. Smoking was associated with higher levels of inflammation and higher BADL and IADL scores, and physical activity was associated with lower levels of inflammation and functional limitations; physical activity also partially mediated the association of multimorbidity and both BADL and IADL scores. However, the coefficients for the indirect associations of multimorbidity and the functional limitation measures by way of the inflammation latent factor remained robust to these additional model adjustments. Indeed these coefficients were the strongest indirect effects in the full model. To the best of our knowledge, this specific role for inflammation has not been examined previously. These results suggest that inflammation may be an important pathway linking chronic conditions to functional impairment in middle and later life.
We modeled inflammation as a latent factor indicated by IL-6, CRP, and fibrinogen. The latent factor provided a good model fit in confirmatory factor analyses, and the full SEM model compared well with the path model that treated the same three proteins as measured variables. This is not the first study to use a latent factor approach to modeling inflammation. Two earlier studies modeled a latent factor indicated by IL-6 and CRP in the context of allostatic load and metabolic syndrome, two leading indicators of multisystem dysregulation (Marsland et al., 2010; McCaffery et al., 2012) . Collectively, these efforts support the statistical validity of using a latent factor to assess the underlying construct of inflammation. Methodologically, the latent variable approach provides measurement of inflammation independent of the random measurement error in the three observed clinical protein measures, and this precision increases the reliability of the measure as well as the statistical power to detect associations between the latent variable and other variables (Rigdon, 1994) . Beyond statistical validity, the latent factor approach is aligned with prevailing ideas about systemic inflammation as a dysregulated biological process that is linked to health outcomes and can be indicated by diverse markers.
The possibility that inflammation might act as a mechanism linking multimorbidity and disability is supported by diverse lines of research. Populationbased studies have shown that circulating levels of inflammatory proteins are higher in adults with single chronic medical conditions (Bastard et al., 2006; Bautista et al., 2005; Blake & Ridker, 2003; Hu et al., 2004) and increase with each additional chronic condition in adults with multimorbidity (Fabbri et al., 2014; Friedman & Ryff, 2012) . Higher levels of inflammation are also associated with greater disability cross-sectionally (Brinkley et al., 2009; Cesari et al., 2004; Kuo et al., 2006; Taaffe, Harris, Ferrucci, Rowe, & Seeman, 2000) and with greater risk of disability over time (Ferrucci et al., 1999) . Finally, muscle strength is thought to be a key component of agerelated or disease-related disability (Cesari, Landi, Vellas, Bernabei, & Marzetti, 2014) , and higher levels of inflammatory proteins are associated with decreased muscle strength in population-based studies (Cesari et al., 2004; Ferrucci et al., 2002; Peake et al., 2010) . In addition, laboratory studies have shown that inflammatory proteins reduce the production of muscle cells and increase muscle catabolism (Michaud et al., 2013) , suggesting that even low-grade inflammation may act directly on muscle tissue and muscle-related genes to impair function (Michaud et al., 2013; Peake et al., 2010) . Collectively, these lines of research suggest that the increased levels of inflammation associated with multimorbidity may put older adults at risk of disability in part because of reduced muscle strength.
Supplemental analyses tested the possibility that single conditions accounted for the associations observed for aggregate multimorbidity. Specifically, we re-estimated the SEM model using 13 different multimorbidity indices, each version of the index omitting a different chronic condition. The results showed that the omissions of hypertension and obesity reduced the magnitude of direct associations between the multimorbidity variable and inflammation specifically. However, the direct associations between multimorbidity and the measures of functional limitations and the indirect associations with functional limitations by way of inflammation were virtually identical whether the multimorbidity measure included all 13 conditions or omitted any of them. This is similar to the approach taken by Fabbri et al. (2014) in a recent paper linking changes in inflammation to longitudinal multimorbidity in the InCHIANTI study, and the results support the conclusion that the mediating role for inflammation applies to multimorbidity generally.
These results help to illuminate the conceptual relationship between multimorbidity and functional limitations. In many instances, the severity of any given chronic medical condition is defined in part by its ability to cause functional impairment (Charlson et al., 1987) . In this study, we take the perspective that functional impairment is not an inevitable result of chronic conditions or multimorbidity. This perspective is consistent with the disablement process model, which allows for the possibility that biological, psychological, and social factors can affect the course of disablement in the context of disease (Verbrugge & Jette, 1994) . Here, we find that variability in inflammation contributes to the extent to which chronic conditions are disabling. In other words, conditions that are considered severe because of their potential to cause functional impairments may be rendered less severe in people with relatively low circulating levels of inflammatory proteins. Many older adults with multiple conditions report good quality of life. Lower levels of inflammation may be one mechanism that facilitates good quality of life in the context of chronic conditions. Future research needs to identify factors, especially social or psychological factors, that may act as moderators, weakening the link between multimorbidity and functioning limitations by reducing inflammation. Individuals with multimorbidity who are also possessed of such social or psychological resources may be able to stave off functional impairment, and may in some ways be considered resilient in the face of disease, especially multimorbid disease.
Interpretations of the current results are tempered by some notable limitations. Above all, these data are cross-sectional, meaning that causal associations are not clear. While we hypothesize, based on existing literature, that chronic illness leads to functional decline, it may be that functional limitations increase risk of chronic illness. For example, functional limitations can lead to reduced physical activity (Hardy et al., 2010) , and reduced activity increases the risk of multiple chronic conditions (Pate et al., 1995) and overall mortality in older adults (Buchman, Yu, Boyle, Shah, & Bennett, 2012) . While this is a valid limitation, the aim of the present study was to test a mediating role for inflammation, and the results support such a role no matter which way the causal arrows point. Longitudinal data will be critical for illuminating the causal relationships between multimorbidity and functional limitations. Another limitation is the relatively small group of inflammatory proteins used to indicate the latent factor. Although these are the primary inflammatory proteins available in the MIDUS dataset, we regard this less as a limitation than an invitation to further empirical examination. Other blood-borne markers of inflammation (e.g., IL-1, TNF-α, IFN-γ) may also cluster with markers, such as IL-6, CRP, and fibrinogen, supporting the existence of a single latent factor for inflammation. They may, however, form separate clusters that may relate to variables of interest in different ways. Use of cluster analyses would thus put prevailing conceptual ideas of inflammation as a unitary phenomenon to the empirical test.
In spite of these limitations, the current results highlight a biological mechanism, inflammation, that appears to partially explain the link between age-related chronic illness, especially multimorbidity, and declines in functional abilities. The aging of the population and the attendant rise in chronic disease burden makes understanding the mechanisms whereby chronic conditions result in disability in later years a pressing issue. The present results suggest that inflammation may be one such mechanism.
